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INTRODUCTION
Since interest in muscle physiology dates back to
ancient and medieval time s, it is fitting that a brief
historical resume of the theories of muscle contraction
be g iven here .

The source of informa tion for this re-

view has been the texts of Fulton (62) and Howell {75).
The first theory of muscle contraction wa s that express ed by Galen (130-201 A. D.} although before him
Hippocrates (460-370 B. C.) and Celsus (born 25 B. C.)
had been f amilia r with and had written about many important disorders of locomotion.

Aristotle {384-322

B. C.) also had written about locomotion, especially the
relationship of flexion to locomotion.

Galen knew that

the muscles we re controlled by nerves but he believed
that t hey served only to convey "animal spirits" from
the ventricles of the brain, where they we re made, to the
muscles.

The "animal spirits" ca used a transverse swell-

ing of the muscle and at the s ame time a longitudinal
shortening, thus bringing about con traction.

Galen's

theory of muscular contraction remai ned un questioned until the sevente enth century, although Vesalius (1514-1562)
had realized tha t the contractile power of muscle existed in the fleshy parts rather than the tendons, a.s Galen
had supposed.
The first real challenge to Galen's hypothesis was
-1-

given by Nicolas Steno (1638-1686) in the seventeenth
century.

Equipped with a microscope, Steno was the

first to realize the importance and significance of the
fibrillar structure of skeletal muscle .

He realized

that the fibrils we re the units of a muscle and that
groups of them formed what today we call a motor fasciculus.

He also discovered that when a long muscle was

cut up l engthwise into two or three pieces, each piece
could still contrac t separately.

This demonstrated that

muscle contractility must be inherent within the muscle
substance and not dependent upon the unity of the whole
muscle, or the nerve and muscle .

Based on these find-

ings, Steno expressed definite skepticism for the hypothesis of "animal spirits", which as he stated, were ''mere
words, meaning nothing".
Quite different from the views expressed by Steno,
were those of his contemporary Thomas Willis (1621-1675)
who was a devout Galenist.

Like Galen, Willis believed

that the "animal spirits " were conveyed from the brain
to the muscles by way of the nerves, and then taken up
by the "membranaceous fibrillae", from which they were
transported to the tendon and stored.

The s ~irits were

considered to be exceedingly active by na ture and would
surge forth into the muscle fib ers , lose their powe r and
-2-

then fall back again into the tendon .

However, when

movement was desired, the "a.nimal spirits" would rush
at the bidding of the instinct into th e muscle fibers
and t here me e t active pa rticles of a different nature
supplied by the blood.

The mixture of these two sub-

stanc es produced an effe rvescence which in turn caused
the fleshy fibers to become corruga ted.

All of the fi-

bers went through this procedure a nd therefore caused
shortening or contraction.
At about this time, Giovanni Borelli (1608-1679)
expressed an hypothesis very simila r to, but independent of the one suggested by Thomas Willis.

Borelli be-

li eved tha t the nerves transmitted something which when
combined with a n unknown subst ance in the muscl e , produced a fermentation or ebullition.

This in turn caused

an inflation of the muscle with a r esultant short e ning.
Borelli likened the fermentation to the reaction obtained when "spirits of vitriol are poured on oil of tart a r", and supposed that the mass formed f i lled the "porosities" of the muscles thus giving the inflation.
It is evident from the theories proposed by Willis
and Borelli that in order to have contraction, the muscle
fiber had to be hollow so that it could increas e in volume.

Howeve r, Glisson (1597-1677) and Swammerdam (1637-
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1680) independently performed expe riments which proved
quite definitely that a contracting muscle did not increase in size, but rather remained the same or decreased
in volume.

Glisson demonstrated this fact by ha ving a

man put his hand and forearm into a glass tube which
was closed at one end.

A funnel was then placed into

the opening beside the arm and the top then sealed by
bandaging.

Water was poured into the glass tube through

the fun nel until it filled the tube and the stem of the
funnel.
fist.

The man was then told to open and close his
With each contraction of the muscles it was seen

that the water, ins tead of rising in the funnel, fell.
Swammerdam, who published his res ults fifteen or twenty
years before Glisson, put a whole muscle into a tube on
the top of which was a long thin stem.

The nerve to the

muscle was passed through a small hole in the side of
the tube and then the opening sealed with paste.

The

only opening into the tube now wa s at the top through
the stem.

A drop of water was put into the stem and the

muscle stimulated.

Instead of forcing the drop of water

upward, as the cas e would be if "spirits" flowed into
the muscle and increased its volume, the drop of water
did not move.
In 1700, George Baglivi (1668-1707) published a
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paper in which he described two different types of muscle tissue, one of which we now call ''striated" and the
other "smooth" muscle.

He believed that striated muscle

was responsible for quick movements while the smooth
muscle performed slower but more sustained contractions.
Baglivi was one of the first workers who noticed that
isolated skeletal muscle would contract when it was
touched (direct stimulation}.

Although Baglivi differ-

entiated between smooth and striated muscle, Leeuwenhoek
was the first to describe adequately the microscopical
structure of striated muscle (1715}.

He recognized

longitudinal and transverse striations, but believed
that the l a tter were due to "successive turns of a spiral thread" wh ich was twisted about the fiber.
As a result of the work done by Glisson, Swa:mmerda.m, Baglivi and Leeuwenhoek, muscle physiology was
throv•m into a dilemma.

Following their deaths and du-

ring the first fifty years of the eighteenth century,
very few contributions of a.ny significance were added
to muscle physiology.

However, interest had not de-

creased and the problems of muscular contraction were
hotly debated, especially in England, and the theory of
"animal spirits" was again attacked.

Nevertheless the

theory that nanimal spirits" caused contraction pre-
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vailed until about the middle of the eighteenth century when von Baller's work appeared.
Although Ba.glivi had noticed that muscles contract
v:hen touched, von Haller ( 1708-1777) was the first to
study direct muscular stimulation.

He found that knives,

acids, salts, and corrosives caused contraction of the
muscle independent of the nerve and came to the conclusion that the power or force of contraction was an inherent property of the muscle.

In spite of these find-

ings von Haller continued to sanction the belief of
animal spirits, although he realized that this theory
of muscle contraction presented serious difficulties
and limitations.
Robert Whytt, von Baller's contemporary, believed
that muscula r contraction was due to the stimulation of
a nerve by pain or unpleasant sensations ·which in turn
stimulated an unconscious center.

The unconscious cen-

ter then influenced the nerves to the muscles so that
contraction resulted.

Thus we have, primitive though

it may be, the first description of reflex ~ovement.
Toward the end of the eighteenth century, a new
phenomenon was observed by Galvani (1737-1798).

He

had hung up some frog legs suspended from an iron ballustrade by copper wires and he noticed that each time
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the muscles touched the iron, a spasm resulted.

Gal-

vani immediately investigated the new observation and
discovered that a muscle can be stimulated by the potential difference wh ich results when t wo unlike metals
are united.

Later Galvani produced muscle contraction

by bringing t he nerve of a nerve-muscle prepars.tion into contact with an injured point on the muscle.

From

these experiments, Galvani concluded that he had shown
the existence of "animal electricity".
Volta (1745-1827), a contemporary and fellow countryman of Galvani, did not agree at all 1Nith Galvani's
conclusions.

He contended that there was no "animal

electricity" and that the contraction of the frog legs,
when stimulated by t wo unlike metals, was due to the
potential difference caused by the union of the two
different me tals.

Subsequently it has been shown that

both men were correct in their theories, and therefore
both wrong in condemning the other.
Regardless of the significance of the findings by
Volta and Galvani, the contributions of Emil du BoisReymond (1818-1 89 6) to muscle physiology were far greater in scope and number.

It ·was du Bois-Reymond who

first discovered that a muscle in tetanic contraction
produced an acid wh ile a resting muscle was neither acid
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nor basic, but neutral.

He realized that it was the

change in potential which caused the stimulation by upsetting a "surface of regularly oriented electromotive
p a rticles".
Von Helmholtz {1821-1894), while working with putrefactive processes, realized that the presence of organisms was necessary in order to have putrefaction and
he recognized that there was a striking similarity between the "vital processes" and putrefaction.

It was

from this \"!Ork that he denounced the theory of "vital
forces" and concluded that the only approach to muscle
physiology was through physics and chemistry.

About

four years l a ter von Helmholtz published his paper on
the conservation of energy in which he put forth the
idea that energy could neither be destroyed nor created.
It was on this basis that von Helmholtz studied muscle
to determine whether the mechanical energy and heat produced by a contracting muscle was due to metabolism or
"vital spirits".

In the course of these experiments,

von Helmholtz discovered that chemical changes do take
place within the muscle and these he likened to those
reactions occurring in putrefaction.

Still later, von

Helmholtz calcul a ted from experimental data the rate of
conduction of a nerve which he concluded to be twenty-8-

seven to thirty meters per second.
Following the work of von Helmholtz, Heidenhain
(1864) explored the re l ationship of stimulus intensity
to the heat produced.

He found that the thermal re-

sponse and work varied in the same v,.ray, but that the
heat re s ulting from increasing the intensity of the
stimulus was proportionately greater than the increase .
in the work done.
Fick (1829-1901) made a very complete study of the
relationship of contraction to heat production.

Although

he did not get the distinct phases of heat production
as A. V. Hill did later, Fick showed that chemical energy could be directly transformed into work without
going through a stage of heat first, as Engelmann believed.

Engelmann put forth the hypothesis that a musc-

le functioned like a heat-engine.

That is, the evolu-

tion of heat within a muscle fi ber ca.used a shortening
of the doubly refracting substances of the fibers and
thus produced contraction.

The heat wa s thought to be

localized in the r egion of the doubly refracting material.

With the finding by Fick that chemical energy can
be transformed directly to work, we enter the era of
modern theories of muscle contrac t ion.
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For the most

part these theories have for their bas es, changes in
the myofibrils or changes in the protein of which the
fibrils are composed.
With this historical background let us now consid er the purpose of t h is thesis, which is a pres entation of the mod ern theories of muscul a r contraction.
In this paper I will attempt t o corre late histolog ical
and biochemical changes wh ich occur during the contraction of striated muscle, and where dis putes oc cur, I
will endeavor to a ir both sides of the question as unbiased as possible, giving facts both pro and con.

How-

ever, in order to understand the mechanism by which a
muscle contracts, it is not only essehtial that we understand as completely as possible, muscle histology
and chemistry, but we must also s tudy the me chanism by
wh ich the proc ess is initia ted.

Therefore, to complete

the picture I will als o include a histological, physiolog ical and biochemical s tudy of the motor end-plates.
This d iscussion will be confin ed to stri a ted muscle as much as po s s ible.

Cardiac a nd s mooth muscle will

not be considered.
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MUSCLE HISTOLOGY
Complete unanimity of opinion as to the microscopical structure of striated muscle has not as yet
been realized, but the general trend of modern opinion
is that the unit of striated muscle ie the individual
myofibril.

Each myofibril is enclosed by a relative-

ly robust, amorphus lamina which represents a cell membrane and is cal led the sarcolemma.

The myofibril is

the r esult of fusion of originally discrete myoblasts
and the nuclei, which are first placed centrally, migrate to the periphery and ultimately lie just beneath
the sarcolemma.

According to most authors (78) the

sarcolemma is the r esult of internal cytoplasmic products plus the o Tiginal myoblast membranes.

The fibrils

are immersed, so to speak, in a bath of protoplasm, the
sarcoplasm.

Each fibe r is closely associated with a

very delicate connective tissue envelope, the endomys-

ium.

Groups of the fibers form bundles which are in

turn enclosed in another connective tissue envelope,
the perimysium.

The final aggregation of these bundles

of muscle fibers forms the gross muscle and this is surrounded by a heavy connective tissue envelope, the epimysium.

Actually, the connective tissue of the epimys-

ium projects inward to form the perimysium and the endo-11-

mysium is really the termination of the inwardly projecting perimysium. which envelops the individual fibers.
Just as the macroscopic muscle bundles pass into microscopic ones without a sharp boundary, so it is believed
that microscopic fibrils pass over into ultramicroscopic fibrils.

Therefore, the real unit of striated muscle

is probably of an ultram.icroscopical size (105}.
All histologists agree that the fibrils of striated
muscle have a uniform pattern of "banding" or cross striation.

However, the structure and significance of the

"bands" has not been agreed upon by all workers.

The

most widely accepted explanation is that the transverse
bands are really alternating light and dark discs on
the myofibrils.

The corresponding discs or areas of the

different fibrils are all on the same horizontal level
and held there by Krause's membrane which is firmly attached to the sarcolem.ma at the periphery.

Perhaps the

membrane of Heidenhain may also serve to hold the fibrils
at the same levels.
The contractile portion of the muscle substance is
surrounded by a very thin layer of unstriped sarcoplasm
which can only be just detected in normal muscle fibers.
At the surface of the sarcoplasm there is presumed to
be a membrane which is responsible for maintaining the
-12-

difference in concentration between the inside and the
outside of the · fiber.

It separates a fluid rich in

sodium and chloride ions on the outside from the fluid
rich in potassium ions on the inside.

The thin mem-

brane is located at the outer edge of the thin band of
sarcoplasm mentioned above, but there is no reason to
believe that it is a thick, visible membrane.

The lay-

er usually called sarcolernma is probably connective
tissue belonging to the endomysium, and lies outside
of the true sarcolemma (65}.
As stated above, the myofibrils are made up of
alternating light and dark discs.

The light discs are

the isotropic or I discs whereas the dark discs are the
anisotropic, A, or Q discs.

The light discs are bisect-

ed by the telophragmata, Krause's membrane, or Z membrane, and the dark discs by the membrane of Heidenhain,
or M membrane.

The fibril then, is simply a succession

of segments, each bounded by Z membranes and forming
the so-ca lled sarcom0 res.

A group of these fibrils form

a muscle fiber; groups of fibers form fasciculi, and
fasciculi form the muscle.

Muscl e structure is, there-

fore, simply a summation of identical elementary units,
the sarcomeres.

In like manner, muscle function ma.y be

regarded as a summation of the function of these sarco-
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meres.

Contraction is essentially a matter of the

shortening and thickening of the muscle; thus, the result of the shortening and thickening of the constituent fibers; in turn the result of a shortening and thickening of the myofibrils; in the last analysis, the result
of a shortening and thickening of the sarcomeres of the
£.ibrils.
From the preceding discussion it is evident that
in considering the histology of striated muscle, it will
be sufficient to describe the structure of one sarcomere,
since a fibril is simply a succession of sarcomeres.
The interfibrillar protoplasm (sarcoplasm) has, in all
probabilities, only a trophic significance since the
fibrils are the essentials for contraction.

As in musc-

le structure, the explanation of muscle contraction may
also be confined to a single sarcomere.

Jordan (78) be-

lieves that if the happenings that occur within a sarcomere during contraction were learned, we would have the
explanation of contraction.

He also believes that func-

tion and structure are closely correlated and that any
theory of muscle contraction to be adequate must agree
with, or account for, the structural changes occurring
within the sarcomere.
If the above is accepted, then the further descrip-

-14-

tion of muscular changes during contraction may be
limited to a sarcomere.

However, since a preliminary

understanding of the structure at re st is necessary,
the latter condition will be described first.
Sarcomeres are bounded terminally by a Z membrane
which is a double structure (78).

This latter is shown

by the fact that in macerated muscle, the fibrils break
into discs which are bounded by the Z membranes.

The

M membranes are believed to be s imilar in this r espect
because when maceration is continued, the sarcomeres
split transve rsely along them producing discs bounded
on one end by a Z membrane and on the other by an M membrane.

Therefore the M membrane must also be a double

membrane.
The media l portion of a s a rcomere consists of a
dark disc, the Q disc, flanked terminally by light semidiscs, the I discs (Fig . 1).

The terminal boundary of

the light semi-disc is the Z membrane.

The Q disc may

show a light median disc, the disc of Hensen, and desi~nated the H disc.

The prese nce of the H disc signifies

a stage of contraction or indic a t es that tension has
been put on the muscle.
relaxed muscle.

It does not occur in completely

The Q discs in r elaxed muscle are the

result of fusion of two distinct s emi-discs and these
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A sarcomere, the unit of a myofibril~
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discs, or when present the H discs, are bisected by
the mesophragma or M membrane.

The Q disc is darker

in both stained and unstained preparations and is anisotropic, or birefringent usually.
The light, or clear discs which alternate with
the dark discs, are the so-called intermediate discs
of Krause or the I discs.

These are relatively mono-

refringent or isotropic and are bisected by the telophragma or Z membra.ne, the boundary of the sarcomere.
A narrow, dark band may occur midway between the terminal Z membrane and the medial Q strip.

This band or

disc is known as the accessory disc of Engelmann, or
the N disc (Fig. 1).
Maccallum (101) and Menton (107) have shown that
the potassium., .chlorides, and phosphates are concentrated in the Q disc.

Maccallum has also shovm that

in smooth muscle the potassium is scant and is diffused
throughout its cytoplasm while in cardiac muscle it is
disposed as in striated muscle.

MacCallurn points out

that the potassium is concentrated in the middle third
of the

Q

band during relaxation.

During contraction

the potassium moves into the contraction bands (Fig. 2
He believes that the potassium is a s s ociated with the
rapidity of contraction.

Micro-incineration has like-17-
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The histologic changes occurring in a sa.rcomere during
the various stage s of contraction.
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Contra cted sarcomere

eontraction band
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wise revealed the presence of i norganic salts in the
dark discs.

Scott (124) subjected skeletal muscle to

incineration at 650 degrees C. and found that the striations were preserved with considerah.le clearness.
Stripes crossed the fibers which were composed of small
deposits of whitish ash, in some places tinged with the
yellowish-red which denotes the presence of iron •

.Al-

ternating with these stripes were areas almost clear of
mineral residue.

Comparison of the ash deposits with

adjacent stained serial sections showed that the cross
bands of heavy ash deposit correspond very well with
the Q discs seen in ordinary preparations.

The clear

areas in all probability are the I discs and in some
preparations a fine line of ash was seen traversing
this band.

This line corresponds to the Z membrane.

Occasionally the Q, strip showed a median area free of
ash, indicating the H disc.

The sarcolemma was repre-

sented by a distinct line of whitish ash in which there
were deposits of silicates.

Scott's work was repeated

by Carey (32) and his findings confirmed.

Gersh (64),

on the other hand, believes that the potassium , phosphate, and carbonates are uniformly distributed throughout the muscle cells.

This is certainly not the predom-

inating theory at the present time, however.
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The first sign that appears within the sarcomere
when contraction begins is the formation of the H disc,
a light area bisecting the Q disc.

As contraction pro-

ceeds the H discs widen, and the opposite halves of the
Q discs move distally against the telophragma of each

sarcomere.

These same steps are repeated during relax-

ation, but in reverse order.
A cytologic description of muscle contraction
must include at least three successive sarcomeres, for
the end result is a contraction band consisting of a
telophragma flanked on either side by a half of a Q
disc from the adjacent sarcomeres (Fig. 2).

Beginning

with the middle one of the three sarcomeres here under
consideration, the Q disc is divided and the halve~
move in opposite directions to the telophragma.

Here

they each meet a half of a Q disc from the adjacent
sarcomere and form a dark, thin, compact, deeply staining disc, the contraction band, bisected by a telophragma.

As the Q discs migrate across the I discs, the N

discs become involved and are believed to form a part
of the contraction band (78, 125).
During contraction, the stainable substance of the
Q

disc thins out progressively transversely because as

the sarcomere contracts, it shortens in length but gains
-20-

in width.

At the same time the H disc progressively

widens until at full contraction it fills all of the
space between successive contraction bands.
The H disc is bisected by the mesophragm.a, the M
membrane, and it becomes especially conspicuous in a
contracted sarcomere that has been somewhat stretched
secondarily.

Ordinarily the M membrane is not within

the range of the microscope so it is necessary to
stretch the fibril, and thereby release transverse tension so that the M membrane may thicken and thus become
visible with a microscope.
The substance in the

Q

discs that moves during

contraction is believed to be composed of stainable
salts (78, 79, 80) and is entirely independent of the
anisotropism which is believed to be due to the configuration of the myosin molecules (58, 78, 79).

The exact

role of the salts in contraction is not knovm, but the
theory proposed by Maccallum (101}, described above,
seems about as plausible as any.

Some earlier theories

of muscle contra ction regarded these salts, or Q substances, as ttie basis for muscular contraction.

Jordan

(80), for example, states, "The fundamental factor in
muscle contraction is located in the movement of the
deeply staining substance of the Q disc against the
-21-

telophragmata in the formation of contraction bands.
The cohcomitant shortening and thickening of the sarcomeres is interpreted as the result of a change in shape,
from ellipsoidal to spherical form of the ultimate colloidal particles of the intrafibril sarcoplasm, following an increase of surface tension of these particles
resulting from a decrease of surface electrical charges
due to the passage of electrolytes (crystalloids of the
deeply staining substance of Q,) among the colloidal particles".

Certain other theories assume that the I sub-

stance is more fluid and passes into the Q, disc (122}.
If this were true, then the Q, discs should become light
first along the I disc.

However, just the opposite oc-

curs, and the light area appears first in the mid-portion
of the Q, disc.

Clark (33) regards the Q, band as being

composed of substances in a liquid-crystal state.

She

believes that the mechanical shortening of muscle during contraction is due to the fact that the Q, substance
abruptly changes from the liquid-crystal state to a
solid crystal form.

This, she believes, is brought

about by the increase in lactic acid.

However, in this

case the reversal of striations is not considered and
so it is no more adequate than the theory proposed by
Schaefer.

Lillie (89), in 1912, believed that the fi-22-

brils were segmented and arranged in parallel rows
for a physiological purpose.

He believed that this

arrangement enhanced rapid to-and-fro displacement
of the fluid part of the fibrils during contraction.
The displacement of the fluid, however, he regarded
as "merely incidental to the contraction and not its
immediate cause".
As mentioned at the beginning of this section, all
histologists do not agree to the above histological description of the muscle fibril.

Carey (31), for exam-

ple, states that the sarcomere is a "morphologic myth"
and that it is "knowledge by definition rather than
facts".

He says that the Z bands are an inconstant

finding, being present in some conditions and not in
others.

According to Carey, "credit goes to Jordan

for reducing the notion of the sarcomere to an absurdity".

Bernal (9) also makes the statement that the Z

membrane is an optical illusion or one which is full
of holes and therefore merely represents cross fibers
joining the main fibers at this place.
Carey ( 29) makes the statement that, ''the crossstriated innervated muscle fiber is an hydraulic motor
activated to lateral expansion by high frequency impacts, with vector addition of pressure forces, from
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the motor nerve ending which radiates longitudinal internal pressure waves by reflections from the teno-myal
junctions within the viscid lig_uid confined by the extended sarcolem.ma".

This statement is the basis by

which he explains muscular contraction since to him the
muscle fibers are each small hydraulic machines.

Carey

regards the cross striae in a muscle fiber as a visible
protoplasmic record of a standing system of pressure
waves , and that their origin is the motor nerve ending
which is the center of vibration.

In other words , the

cross striations are alternate places of condensation
and rarefaction of the sarcoplasm.

The frequency of vi-

bration is dependent upon the rate of the motor end-plate
and Carey believes that during contraction the rate is
increased and this changes the sol state of the fluid
within the sarcolemma to a gel state.

The active part

of muscle contraction is then due to the lateral expansion or transverse bulging which results from the increased int ernal pressure of the confined fluid within
the component fibers, which increases transversely the
tension of the sarcolem.ma.

Since Carey believes that

the muscle fiber is an hydraulic system he explains
contraction as a result of Pascal's law which asserts
that when any part of a confined fluid is subjected to
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pressure, the pressure is transmitted undiminished to
every portion of the surface of the containing vessel.
He believes that the localized pressure of the motor
end-plate on the confined fluid of the sarcoplasm is
transmitted in all directions and acts with the same
force on all equal surface areas in contact with the
same fluid • . However, the lateral surface area of the
muscle fiber is much greater than the terminal area,
so the total lateral pressure is much greater and thereby produces lateral expansion or ballooning.

The me-

chanical shortening is the passive part of muscle contraction.

The lateral expansion of the fiber is due to

the greater frequency of the internal waves which in
turn are due to an increased oscillation of the motor
nerve radiator.

As a result of the increased rate of

oscillation of the motor end-plate (28), the number of
cross striae per unit length are increased two, three,
or four times or more over that found in resting muscle
(27, 30).

Speidel (125), in contrast to Carey {29), maintains that both the cross-striated substance and the
sarcoplasm are in the gel state ih a normal muscle fiber in a living animal.

His observations did not sup-

port the theory that the cross striae are fluid at rest
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and become a gel during contraction.

These same ob-

servations showed that a muscle fiber shortens by the
shortening of individual sarcomeres, and not by the
multiplication of sarcomeres, as stated by Carey (30).
Tiegs (128, 129, 130, 131, 132) has published his
work in which he makes the claim that the striae of
striped muscle of vertebrates are the optical expressions, not of a succession of transverse discs, but of
two very closely wound helicoids, which travel from
one end of the fiber to the other.

He also believes

that there are two membranes of Krause (Z membranes)
which are in the form of two spiral bands.

These mem-

branes travel from one end of the fiber to the other
cutting the fibrillae repeatedly, thus giving rise to
the sarcomeres.

Each sarcomere is, therefore, a. minute

cylinder, bounded at the ends by the Krause's membranes.
The middle third of each cylinder is composed of a very
fine porous tissue which is only faintly stainable and
is doubly refracting towards polarized light.

The re-

gion between this substance and the ends of the sarcomere is composed of a non-porous, non-stainable substance which is singly refracting towards polarized
light.

Tiegs (130, 131, 132) theorizes that a number

of small, ultramicroscopic tubules or canals run through
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this latter substance.

The bases of these tubules,

much dilated, lie in close connection with the two
membranes of Krause and open internally into the doubly refracting porous material (Fig. 3).

Within these

tubes is a dark, strongly staining fluid called "hyaloplasm" by Tiegs.

While the fiber is relaxed, the ten-

sion between the surface of · the fluid and the walls of
the tubes (sarcolemma ) is such that most of the fluid
becomes drawn into the doubly refracting porous substance.

During contra ction the t ens ion of the fluid

is red uced so tha.t it flows from the porous substance
into the tubules and thus forces the bases of the tubules to dilate.

As a result, there occurs a consi der-

able thickening of the ends of the sarcome res, and since
the volume of the sarcomere remains unchanged, shortening must take place.

During relaxation the fluid ten-

sion is again increased and the fluid flows back into
the porous substance.

Thus there occurs a reversal of

striations but no change in position of the isotropic
and anisotropic substances.
Tiegs also believes that Krause's membranes conduct the excitatory i mpulses from the nerves.

As evi-

dence for this view, he believes that under dertain conditions he has found that the motor nerves terminate in
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contact with Kra us e 's membrane.

He looks upon the

membranes of Krause as be ing nervo us in nature, since
he beli eves their physiolog ical prope rties are identical.
In his paper of 1924, Tiegs (12 9 ) proposed the
following theory for muscle contraction.

He assumed

that the sarcomeres of a relaxed muscle were in a perfectly cylindrical condition.

However, during contrac-

tion the sarcome res change shape and become "dice-box"
shaped.

The greater the contraction, the more marked

will be the condition (Fig . 4).

Let us now consider

the effect of elongation on the shape of the sarcomeres
of a contracted muscle.

As the muscle is artificially

extended, the sarcome res change from the "dice-box"
shape and elonga te, becoming more and more cylindrical.

If the extension of the muscle is continued, the

sarcomeres r emain in the cylindrical condition, but
they be come more drawn out and narrower.
As the sarcomeres gradually change from the "dicebox" shape to the more cylindrical form, increasingly
more s a rcoplasm comes into contact with the two membranes of Krause at the ends of the sarcomeres, reaching a maximum at relaxation length.

As the muscle is

stretched beyond the normal resting length, the result-29-
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K..M.

ant narrowing of the interfibrillar space will give a
gradual diminution in the amount of sarcoplasm in contact with the membranes .
The significance of the above described histology
of striated muscle lies in the fact that, according to
Tiegs (129}, the impulses conveyed by Krause's membranes
liberate lactic acid from a lactic acid precursor in an
amount proportional to the quahtity of the precursor in
the sarcoplasm in contact with Krause 's membrane.

It

must be borne in mind that, at the time this theory
was proposed, lactic acid was considered to furnish the
energy necessary for muscle contraction.

Thus, an im-

pulse passing through a perfectly contracted muscle
will liberate a minimum amount of lactic acid because
only a very small amount of sarcoplasm, and therefore
lactic acid precursor, is in contact with Krause's membranes {Fig. 4}.

The amount of lactic acid, however,

will increase in quantity as the muscle is elongated
(relaxed), reaching a maximum at perfect relaxation.
If elongation is continued the amount of lactic acid
will again decrease.
Tiegs thought that lactic acid was liberated from
the interfibrillar sarcoplasm and that the mechanical
response of contraction was due to its diffusing on to
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the walls of the sarcomeres, where it caused a decrease
in tension between the sarcomeres and the fluid within
them by virtue of the positive electric charge on the
hydrogen ions.

Where, and how, does the process of

neutralization take place which must occur to allow relaxation of the muscle?

The base cannot be present con-

stantly, because then contraction would never occur.
Tiegs believed that the lactic acid which is liberated
from one Krause's membrane is neutralized by a base
which is liberated from the other membrane.

That is,

one of the membranes liberates an acid, the other a
base, and by diffusion neutralization occurs and relaxation follows.
This theory proposed by Tiegs was worked out several years before the revolutionary work by Eggleton
and Eggleton (46) was published and so he still considered lactic acid as the basis for energy.

Since the

"revolution" in muscle physiology (69), Tieg's idea may
seem outdated, but nevertheless there still exists the
possibility that the theory set forth by Tiegs may be
fundamentally correct, needing only a change in the
chemistry involved.
Jordan (78) states that Tieg's histological description of muscle is disproved by the fa.ct that when
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muscle tissue is macerated, the fibers split into regular, circul a r discs .

He also states that Tiegs admits

that the s p iral arrangement is bes t seen in well stretched muscle.

Accordingly, Jordan believes that the spiral

appearance is probably the result of shearing stresses
or oblique tensions.

To illustrate the susceptibility

of muscular tissue to mechanical ~istortion, Jordan
cites the work of Davenport and Ranson (41) who sectioned the Achilles tendon and noted marked irregularities in the cross stria tions of the gastrocnemius muscle.
Following the above criticism by Jordan, Tiegs (128)
re-examined new muscular tissue and found the same general histolog ical picture that he had described earlier
(13 0 , 131, 132).

However, Tiegs i n this article states

that "the significance of the helicoid is at present a
matter of specul a tion.

Tha t it is not essential for con-

traction is shown by the fact that muscle fibers exist,
e.g. insect visceral muscle, in wh ich it does not occur.

On the other hand, its apparently constant occurr-

ence in the more specialized muscl e of vertebrat es , with
their power of r ap id contra ction, re quires explanation".
Tiegs again states his belief tha t this membrane may be
the conductor for excitatory impulse s from the nerves;
it would be the polarizable membrane wh ich physiolo-
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gists have proposed.

If such a conception were ac-

cepted , it should render intelligible the construction
of a muscle fiber, for it should bring the excitation
into close contact with each sarcomere in the muscle
fiber.

However, the only evidence that Tiegs can off-

er to support such a theory is tha t in an occasional
favorable preparation, it can be shown that the motor
nerve endings are conne cted with Krause's membrane
(126, 128).
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THE Il'JNERVATION OF STRIATED MUSCLE

The efferent or motor innervation of skeletal
muscle has caused considerable controversy during the
past twenty-five years.

The main points of discussion

center around the subjects:

(1) whether or not there

exists a sympathetic innervation of skeletal muscle,
and (l) the types of motor endings and their relationship to the muscle fiber.
Prior to the work of Boeke (17) in 1917, the predominating view of muscle innervation was that in voluntary muscle, the nerves, which are always medullated
(122), terminate in special end-organs.

Thus striated

muscles were considered to be innervated by somatic fibers only, and not by the sympathetic system.

Boeke

(17) was one of the earliest workers to describe sympathetic innervation of skeletal muscle.
work on the eye muscles of cats.

He did his

Boeke sectioned the

nerves to the extrinsic muscles of the cat's eye and
three weeks later examined them.

He states that he

found numerous, non- medull ated nerve fibers ending in
the striated muscles which had resisted degeneration,
and thes e he believed were sympathetic in origin.
Boeke then removed the s uperior cervical ganglion of
the sympathetic chain and upon examination of the eye
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muscles found what he believed to be a decrease in
the non-medullated endings, although most were still
present.

Two years later in 1919, Agduhr (1) removed

the stellate ganglion from a cat and upon killing the
animal six days later, claimed that he was able to
find the remains of degenera ted, non-medullated nerves
which supplied skeletal :muscles in the forelimb.
In 1924, Kulchitsky (83) published his work that
was done on the python, in which he came to the conclusion that there are two types of motor nerve endings.
One type, medullated and assumed by him to be a cerebrospinal nerve, ended in a typical hypolemmal motor endplate.

The second type he described as arising from a

non-medullated nerve and he assumed it to be from the
sympathetic system.

This type terminated epilem.mally

in terminaisons en grappe.

Kulchitsky also found that

a muscle fiber never had both types of endings, in contradistinction to Boeke (17) and Xgduhr (1), who believed that both types could be found on a single fiber.
The work described above wa.s the stimulus which
started Hunter (76) and Hunter a.nd Latham (77) in their
investigation of the innervation of striated muscle.
Hunter was certain that Boeke (17), Agduhr (1), and
Kulchitsky (83) had definitely established the existence
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of a dual mechanism of striated muscle innervation,
because in his mvn examination, he was sure that he
had seen the two types of skeletal muscle innervation.
Hunter agreed with Kulchitsky about the number of nerve
endings on one muscle fi ber, that is, that there was
only one n erve termination on one fiber.

Hunter con-

cluded that skeletal muscle of vertebrates consisted
of two sets of muscle fibers disposed in groups, each
with its own specific innervation, and, consequently,
its own specific function.

The fibers receiving somat-

ic nerve endings he considered responsible for voluntary and reflex movement and also for the isometric
contraction during the continuation of the stimulation.
The nerve terminals on these fibers are the so-called
terminaisons en plaques.

The other muscle fibers,

which Hunter believed were innervated by sympathetic
nerves, were considered by him to be inhibited during
voluntary motion and then after motion had stopped, tp
remain at the new length passively imposed upon them.
Thus they maintained the new position of the body, or
part of the body, and exhibited what Hunter termed
plastic tonus.

On these fibers the nerves terminated

in the so-called terminaisons en grappes.
The publication of this work describing sympathetic
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innervation of skeletal muscle stimulated an active
investigation by many men of the histology of the motor
end-plates as well as the source from which their fibers
came.

In 1925, Kulchitsky (84) published a paper in

which he appears to have been unable to confirm his
earlier work .

He makes no mention of a dual mechanism

of the innervation of striated muscle but appears to
have changed his mind .

He states that "the non-

medullated fibers of the sympathetic system, as has
been more or less precisely established, are connected
with the blood and lymphatic vessels only".

Hinsey

(73}, working on the cat, was unable to find any sympathetic fibers ending either epilemmally or hypolemmally
on striated muscle when the somatic nerves were allowed
to degenerate after cutting the ventral and dorsal roots.
Hines (72), working on the muscles of the boa constrictor, was unable to discover any evi~ence of a double innervation in the muscle fibers of the snake, although ,
she was able to confirm Boeke 's (13) morphologic description of nerve endings .

She found the typical end-

plate and also epilemmal and hypolemmal terminaisons
en grappes.

Hines considers the latter as sensory non-

myelinated fibers which have come from myelinated fibers,
whereas Boeke believes these terminaisons en grappes are
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sympathetic innervation of striated muscle.

Other

papers that have been published which substantiate the
theory that voluntary muscle is innervated by somatic
nerves only are by Wilkinson (134), Hinsey (74), Tiegs
(126} a.nd Tower (133).

In addition, Hines (71) and

Tower (133) have also shown conclusively that the sympathetic nerves are concerned solely with the blood
vessels.
There is some difference of opinion in regard to
the morphology of the motor endings as well as their
relationship to the muscle fiber.

In general, however,

it has been agreed upon that small nerve trunks run
parallel to the length of the muscle and @'ive off
groups of medullated nerve fibers of moderate size
which course across the muscle fascicles to penetrate
one and innervate its fibers.

Within the fascicle

these fibers ___branch repeatedly to supply an undetermined
number of muscle fibers.

As the nerve fiber approaches

the muscle fiber, the rnyelin sheath is lost at the time
of, or shortly before the axis cylinder penetrates beneath the sarcolemma (71, 126, 133).

The neurolemma,

or sheath of Schwann, terminates abruptly in the sarcolemrna of the muscle fiber (74, 105, 122).

It is gener-

ally agreed that at the .junction of the nerve and muscle
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fibers the sarcoplasm forms a mass beneath the sarcolemma which varies in size and shape.

This constitutes

the motor end-plate and according to most authors, the
structure in which the end branches of the nerves terminate (65, 74, 105, 122).

Thus it appears that the

protoplasm of the end - plate is an expansion of the outer layer of the sarcoplasm.

Since branching of the

nerve fiber may begin at some distance from the endplate, several, in some cases as many as four, medullated branches may run side by side into the plate .

Usu-

ally, however, the branching starts where the fiber first
makes contact with the end-plate protoplasm , the fiber
here branching dichotomously into two or more equal branches.

Each branch then passes toward the periphery of

the plate , again branching two or three times.

Each fi-

ber gradually tapers tov,ard its end at the periphe ry
which is usually a point , but may be a slight bulb, a
flattened disc, or a ring termination (65).
In regard to the motor end-plates, Noel (113) has
even gone so far as to describe a special circulation
for each one.

He noted that each motor plate was par-

tially surrounded by a capillary which bifurcated upon
reaching the plate, or formed a "confluens capillorum"
in the plate 's vicinity.

However , Boeke (15) states
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that this is mere happen stance due to the abundance
of muscle capillaries and is not a constant finding.
The ultimate termination of the nerve fibers in
the motor end-plates has to a certain extent been a
source of controversy.

Tiegs (126, 130, 132) believes

that the nerves terminate in contact with Krause's membrane.

In fact, as discussed earlier, he believes that

in all probabilities Krause's membrane is nervous in
structure.

Boeke (12, 14, 16) has published work in

which he gives evidence for his belief that the nerves
end in a ''peri termi nal network".

The protoplasm of the

nerves, Boeke suggests, is continuous through this network with the sarcoplasm of the muscle.

Wilkinson (134,

135} believes that the ttperitermi nal network" is probably an artifact due to the chemical alteration of the
cytoplasm of the sole-plate produced by prolonged fixation in ~drmalin.

He also believes that the silver

techniques of staining shrink the tissue and produce
additional artifacts.

Gutman and Young (65) have exam-

ined the motor end-plates from a lateral view and state
that it can be se en that the branches of the nerves lie
either on the surface of the s a rcoplasm, or pressed into slight grooves.

To them this is clear evidence that

the axoplasm remains distinct from the end-plate proto-41-

plasm, in the sense that the membranes at the point
of contact remain complete (Fig. 5) .

Ramon y Cajol

(114} is of the same opinion for he also believes that
there is no protoplasmic continuity between the nerve
and the end-plate.
In studying the motor end - plates , Carey (26) has
described a function for them which had never hefore
been observed or recorded and which has subsequently
never been substantiated.

Carey believes that while

at rest the motor end-plates are retracted and have
wide, short projections related to course, widely
spaced cross striations in the muscle.

During muscular

contraction the nerve plates expand and have thin, elongated and moniliform processes separated by wide
meshes , and are related to fine, closely spaced cross
striations in the muscle .

This morphologic expansion

and extension of the terminal arborization in the nerve
plate appears to be accomplished by a very primitive
property of living, unicellular protoplasm , namely,
amoeboid movement.

Carey believes that this increase

in surface area favors the conduction of impulses from
nerve to muscle and is brought about by increased activity due to the increase in carbon dioxide tension within the blood and muscle.
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Diagrammatic representations of the possible

nerve-muscle relations at an end-plate. (after Gutmann
and Young)
A.

Complete continuity of axoplasm and sarcoplasm.

B.

Nerve fiber penetrates the muscle membrane and runs
within the sarcoplasm.

c.

Nerve indents sarcoplasm and the nerve and muscle
membranes -fuse to make a single membrane.

D.

Nerve indents sa.rcoplasm and the two membranes remain distinct.
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In addition to the typical end-plate described
above, there are other t ypes of nerve endings associated with skeletal muscle .

Consid erable speculation as

to their function and significance has been published.
Chief among these nerve endings are the grape -like endings, the so-called terminaisons en grappe, which Kulchits ky (83), Hunter (76), and Hunter and Latham (77)
have claimed are sympathetic in origin .

These workers

considered the terminaisons en grappes as motor , although they knew that they were epilemm.al endings.
Wilkinson (134) made an exhaustive survey of the nerve
endings in striated muscle of mammals and of the lower
coldblooded vertebrates.

He found that in mammals the

terminaisons en grappes were limited to the extrinsic
muscles of the eye and tongue muscles , and we re entirely epilemmal.

In addition, he found that these endings

occurred on fibers all of which could be made out to
have an ordinary hypolemma.l motor end-plate.

Then

Wilkinson repeated the work of Hunter and Latham, which
was done on the extrinsic eye muscles of the goat , but
by using larger pieces of musc le he was able to show
that these terminaisons en grappe arose from an extensive plexus of medullated nerves.

So numerous were

these nerves that almost every muscle fiber had at
least one or two terminal branches associated wi th it.
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Sometimes a fine nerve vmuld run the length of a muscle
fiber giving off sprays of grapelike endings along the
way.

When all of these facts are considered, it be-

comes evident that these characteristics are typical,
not of motor fibers, but of sensory fibers.
Hines (71) examined the innervation of the extrinsic eye muscles of the rabbit and describes three different types of terminaisons en grappes, based on the fibers
from which they arose.

All three types end epilemm.ally.

The first type arose from medullated fibers, or nonmedullated branches of the medullated fibers, and were
distributed longitudinally to the muscles.
Hines believes, is sensory in nature.

This type

The second type

arose from non-medullated nerve fibers, and terminated
epilemmally on the muscle fibers with modifications of
the grapelike ending.

There is, therefore, no hint

whatever of its function.

The third type arose from

non-medullated axis cylinders which shared a medullated
nerve fiber in common with the motor end-plate.

There-

fore this ending, although epilemmal, must be considered
motor in function.

According to Hines (71), this is

the so-called accessory or ultraterminal ending of a
motor end-plate or the continuation of a nerve fiber
which has given birth to a motor end-plate.
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The a.cces-

sory endings are "accessory" because they appear to
act as adjuncts to the efferent nervous impulse which
reaches the muscle fiber by way of the motor end-plate,
for both the end-plate and the accessory ending are the
final terminations of the same axis cylinder.

These

two endings may innervate the same or different muscle
fibers.

If the ending innervates a different fiber,

it is possible to show that the accessory ending is not
the only efferent termi nal on that fiber for there is
also a typical motor end-plate.

Wilkinson (134) states

that the ultraterminal ending is frequently seen in
the coldblooded vertebrates, but that although he has
searched for them in mammalian muscle, he has never
found them.

He also states that this non-medullated

fiber may have been a source of fallacy when sympathetic endings in normal tissue were looked for because in

sectional material the source of the fiber may have bre n
lost.

Tower (133) also claims that she has seen no ac-

cessory endings, but her investigation was confined to
the muscles of the forelimb of cats.

Hines claims that

the nerve terminations in the extrinsic eye muscles of
the rabbit showed no specificity for any discoverable
classification of muscle fiber and therefore she considers the end ramifications within the eye muscles as
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morphologically lawless.

Tower (133), on the other

hand, claims that the method of i nnervation is quite
constant.

Thus we have evidence for Wilkinson's state-

ment that terminaisons en grappes are limited to the
extrinsic eye and tongue muscles since Tower was unable to confirm the work of Hines.
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THEORIES OF NEUR0 -1'IDSCULAR
TRANSMISSION IN STRIATED :MUSCLE
At present there are two main theories that have
been sugge sted for the neuromuscular transmission of
nerve impulses, namely the chemical transmitter hypothesis and the action-curr ent transmitter hypothesis.
However, the prevalent conception of the excitation
of a voluntary muscle fiber by a nervous impulse until
about 1921 was based on the action-current theory.
Chemical mediation of the effects of nerve impulses
was first established in the case of vagus inhibition
of the heart by the observations of Loewi (92).

Simi-

lar chemical mediation seems to be well established in
the case of the activation of smooth muscle by the nerve
impulse.

In the case of skeletal muscle, the question

is more controversial, but there is an impressive accumulation of evidence pointing to chemical mediation
at the neuromyal junction .
The physical theory (action-current transmitter

hypothesis) of neuromuscular transmis s ion extends to
the neuromuscular junction the mechanism of transmission which is generally attributed to the propagation
of the i mpulse along a nerve fiber (43, 110).

Thus it

is proposed t ha t the action-current of the nerve term-
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inals which are in close relationship with the motor
end-plate set up direct i mpulses in the striated muscle
fibers.

If the transmission from nerve to muscle is

based upon an electrical mechanism it is obvious that
it will present all-or-none functioning, in which case
transmission is either effectuated or a block is to be
seen.

Consequently a gradual muscular contraction is

to be obtained only through division of the muscle into
numerous units, each exhibiting an all-or-none response
to stimulation.
musculature.

This is certainly found in the skeletal

The action-current hypothesis encounters

no difficulty in explaining the short duration of the
transmitter and the absence of any lengthening by eserine, for the maximum values for such durations are always longer than the presumed duration of the actioncurrents in the nerve terminals.

In addition, if the

myoheural transmission depends upon the electrical stimulation of the muscle by the nerve action-current, the
study of direct electrical stimulation of striated muscle should elucidate the conditions of transmission from
nerve to muscle.

Therefore, the stimulation of striated

muscle, which is free of all nervous structures, by a
brief electrica.l stimulus of a duration a.nalagous to
tha t of a nervous action-current which will elicit a
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twitch, provokes a perfectly simil a r twitch.

Thus,

according to Monnier (110) there are reasons to assume
that the excitability cha.ra.cteristics of skeletal muscle
are such as to allow electrical stimulation by actioncurrents.
Regardless of the evidence in favor of the physical theory of neuro-musctuar transmission, the most ardent supporters realize and admit that there are objections to the theory that are very difficult to explain.
One of the main objections raised to this theory is the
fact that there has def i.nitely been shown to be a neuromuscular delay .

If the actual process of transmission

is due to an electrical current, it must be virtually
instantaneous.

Therefore, any possible delay must oc-

cur during the time taken for such an applied actioncurrent to set up an impulse in the effector cell.

This

explanation is supported by the approximate parallelism
existing between the durations on the one hand of the
synaptic or neuromuscular delays and on the other hand
of other reactions of the respective effector cells (43).
The study of su~.mation of nervous impulses in systems where a single impulse elicits no response, or only
a very small one, in the effector cells, leads to results
difficult to interpret according to the physical theory.
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Experiments have shown that the summation of impulses
occurs even ,vhen the interval between the impulses is
considerably longer than that allowed by the physical
theory (110).

Thus it appears that the excitation

state elicited by a single impulse is followed by a
residue of excitement which considerably outlasts the
initial phase of such an excitatory process.

If each

impulse should liberate a small amount of excitatory
substance which would slowly disappear, this result
could be easily explained.

Thus, just when the physic-

al theory of transmission fails to account for the experimental data, the chemical theory appears to meet
the discrepancy.

This, Monnier (110) believes, may

indicate that both mechanisms are responsible for neuromuscular transmission.
A third question which has bothered the supporters of the physical theory of neuromuscular transmission has been to explain the reason for the acetylcholine which has been found in synapses and at the neuromuscular junction .

According to Dale (40) this can

hardly be considered the remnants of some "archai~"
form of transmission which no longer has any use.

Ec-

cles (43) accounts for the presence of acetylcholine
by assuming that it has a secondary action since the
-51-

junctional regions are the sites of other actions
besides the trans mission of nerve impulses.

He men-

tions the possibility that it may raise the excitability of the effector dells and thus aid in counteracting
the onset of fatigue.

Another possible use for the

acetylcholine may be to cause vasodilatation in the
immediate vicinity of the motor end-plates in striated
muscle.

This, according to Eccles, would be exceedingly

important because of the need for some such mechanism
of insuring local vasodilatation during activity.

Dale

(40) states that it may be possible that the nerve impulse is transmitted directly to the effector cells,
but that the latter can not accept and propagate the impulse unless they are sensitized by the acetylcholine
released at the nerve ending.

That is, the acetylchol-

ine may shorten the chronaxie of the nerve cell or of
the motor end-plate of the muscle fiber, so that the
two are in "tune" with each othe r.

Finally, as an ex-

planation for the appearance of acetylcholine at junctional regions, there are the less well understood trophic influences v.· hich the nerve fibers exert on the effector cells, and the special pharmacological properties
associated with motor end-plates may also be related to
the specific chemotactic influences controlling the out-
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growth of nerve fibers into functional contact with
the effector cells.
Recently Rosenblueth and Morison (119) have shown
that the ef f ect of curare, eserine, fatigue and the
phenomena of the Wedensky inhibition can be readily
explained on the basis of impulse mediation by acetylcholine, without resort to assumptions which have not
been supported by experimental evidence.

These same

effects present serious difficulties when attempting
to explain transmission on the physical theory.
In support of the physical theory of neuromuscular
transmission it has been shown that the interval between the arrival of the nerve impulse at the motor
end-plate and the beginning of the propagated disturbance in the muscle is of about the same duration as
the tTs:pike" potential .

Erlanger (51) has also shown

that, in a nerve fiber in which one or two internodal
segments amoun ting to one or two mm . in length are
blocked by a.nodal polarization, the action-current may
restimulate the fiber beyond the inactive segment.

In

a later report on these observations Blai r and Erlanger
(11) contend that, if the action-current can restimulate
the axon across an inactive stretch of one to two mm .,
it is justifiable to conclude that it can excite the
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tissue beyond a synapse.

Forbes (61), however, be-

lieves that a section of blocked nerve is an entirely
different structure from a synapse, both histologically and electrically.

He believes that there is a trans-

verse membrane between the two neurons at the synapse
and that this acts like a short circuit so that theelec t rical effects do not spread from one neuron to another.

This fact, he believes, is one of the strongest

reasons for seeking some form of s ynaptic transmission
other than the electrical theory.
The second theory of neuromuscular transmission is
the chemical theory which has been so adequately supported by Dale and his as s ociates.

This theory pos-

tul a tes that nervous i mpulses release a chemical substance at the nerve terminals which transmits or propagates the impulse on to the muscle fiber.

As mentioned

above, Loewi (92) wa s the first to recognize that nerve
impulses caused the r elea.se of chemic a ls at the nerve
endings.

However, the chief consideration which led to

the role of acetylcholine as the neuromuscular transmitter in skeletal muscle was the discovery by Dale (35)
and by Dale and Feldberg (39), that stimulation of the
motor nerve to perfused voluntary muscle liberates . acetylcholine into the venous effluent.
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Stimulation of

the muscle directly did not cause the release of acetylcholine (18).

At this time Dale believed that the

trans mitter action of the acetylcholine at ganglionic
synapses was due to its

0

nicotinic" action and he be-

lieved that its action at the neuromuscular junction
in striated muscle was a virtue of the same property

(36).

Since these first publications, much experimen-

tal evidence has been accumulated in sup9ort of the
hypothesis that neuromuscular transmission in striated
muscle is brought about by acetylcholine which nerve
i mpulses cause to be libe rated in the region of the
motor end-plate.
Dale, Feldberg and Vogt (40) proposed the following theory to explain the presence of acetylcholine at
the neuromuscular junction.

The acetylcholine acts as

a direct stimulant of the muscle end -plate, thus releasing a new propagated wave in the muscle fiber which
may so resemble that in the motor nerve fiber as to simulate an unbroken propagation.

Monnier (110) thinks

that this is a poor explanation, for he is unable to explain why a chemical mediator is necessary between two
structures in intimate contact in which excitation is
assumed to propagate according to a physical process.
If acetylcholine is the transmitter of a nervous
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impulse, and causes the excitation of the effector cells,
it should be possible to show that acetylcholine per se
can cause contractions.

This is exactly what Brown, Dale

and Feldberg (19, 20) attempted to do.

They had cal-

culated that the maximum output of acetylcholine from
a cat's gastro cnemius by a single maximum nerve volley
was only 0.00002 gamma .

However, when they injected ac-

etylcholine suddenly directly into an artery supplying
a muscle, such as a cat's gastrocnemius , during temporary arrest of the circulation, they found that it took
2 gammas to produce a response equal in tension to a
maximal twitch.

To Eccles {43), this large discrepancy

is a definite difficulty for the acetylcholine theory
of impulse transmission to striated muscle .

However,

Brovm, Dale and Feldberg explain the discrepancy in the
amounts of the drug necessary to produce the contraction,
as well as the fact that the response is slower than
with nerve stimulation , by very logical reasoning.

Trey

claim that since the contraction results from the excitation propagated from the motor end-plates , acetylcholine reaching these structures by di ffusion from the
blood vessels cannot excite them as synchronously as
its sudden and simultaneous release, in direct contact
with every end-plate, as happens with a nerve volley.
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Eccles (43) also criticised the chemical theory
on the ground that if aoetylcholine acts as the transmitter at the neuromuscular junction in striate muscle,
it must disappear almost as quickly as it appears, and
normally within the very brief limits of the refractory
period of the muscle .

A local concentration of cholin-

esterase on the surfaces of the nerve ending suggested
itself as the most probable mechanism by which the acetylcholine could be removed, but Eccles quest ioned
whether the concentration was sufficient for the purpose, because in 1937, Marnay and Nachrnansohn (1 03) had
shown that only part of the cholinesterase was localized in the region of the motor end-plates and this amount was not enough to remove all of the acetylcholine.
Dale (37), however, used eserine in experiments whi ch
he thought produced evidence to support this concep~ion.
He applied maximum break shocks every ten seconds to a
nerve of a muscle in a spinal cat and noted that in a
few minutes the tension of the "twitches" doubled the
normal tension.

In other words , the eserine had caused

the excitatory effect of the nerve impulse to persist
over the refractory period.

Eccles (43) counteracted

the above finding by claiming that eserine, and other
cholineste rase inactivators, induce spontaneous twitch-

-57-

ings in the mus cl e fibe r s themselves.

Thus, Eccles

conclud es, it would se em that the es erine action is
probably due to a hyperexcita bility of the motor endplate, and, if this is so, there is no evidence that
the inactivation of cholineste r ase prolongs the neuromuscular transmitter for striated muscle.
However, a little later in 1937, Marnay and Nachmansohn (104) r epeated their original experiments and
showed that actually the concentration of cholinesterase at the nerve endings in volunta ry muscle was sufficiently high so that during the r efractory period of
voluntary muscle, in a few milliseconds, the amount of
acetylcholine re quired by the chemical theory of transmission could well be hydrolyzed at the nerve endings .
This experiment removed a great diffic ulty met by the
proponents of the chemical theory of transmission of
nerve impulses in volunta ry muscle, for it explained
the flash-lik e removal of acetylcholine.

Marnay and

Nachm.ansohn (102) and Nachmansohn (111) have since repeated the above experiments and hav e reached the conclusion that the concentration of cholinesterase at the
nerve endings is 1000 times as concentrated as the theory of chemical trans mission calls for.
Since the more recent work by Marnay and Nachman-
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sohn, Eccles {44) has published another paper in which
it appears that he is beginning to agree quite completely with the chemical theory of neuromuscular transmission in striated muscle.

In this paper he has shown

that once the impulse is set up in the muscle fiber, it
travels in both directions along the fiber at a uniform
speed.

This agrees with the work done by Ramsey (115)

and Rosenbleuth (117), bo~h of whom claim that there is
a mechanism for conduction along the long-fibered muscles, both smooth and striated, which is similar in properties to that found in nerves.

This mechanism. would

be ideal for prompt contraction of long fibers and could
not be equaled by diffusion of an exciter substance, unless the innervation were multiple and distributed profusely throughout the muscles.

The theory that the

stimulation is conducted along the muscle fiber is based
on the fact that electrical records show that there is
a propagation of a negative wave along the muscle fiber.
The electrical wave just precedes the mechanical respo nse
of the muscle.

For Rosenbleuth this theory appears to

be a change of mind, for in 1936 he proposed the theory
that the acetylcholine may have t wo functions in striated muscle (118}.

He theorized that the first function

was the propagation of the nerve impulse to the muscle
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and that the second wa.s a delayed chemical mediation
beyond this, that is, a direct stimulation of the muscle cells.

However, this latter is founded on the one

fact shown by Gasser (63) that the contractures produced by acetylcholine are by direct effect since they
are not preceded by propagated disturbances.

Consider-

ing the evidence, I believe the change of mind was very
appropriate .
Thus at present, the chemical theory of transmission is as follows :

The nerve impuls e sets free a mi-

nute charge of a cetylcholine in intimate contact with
the muscle and-plate .

This in turn sets up a propa-

gated disturbance in the muscle fi be r.

Within the very

short time of the refractory period, the liberated acetylcholine is hydrolyzed by a local concentration of
cholinesterase which is located at the nerve endings .
The impulse initiated by the acetylcholine is then propagated along the muscle fiber, very much as a nerve impulse is propagated along a nerve.
In addition to the t wo main theories of neuromus cular transmission in striated muscle, there are several
writ e rs who believe that the final answer will be found
in the incorporation of both ideas.

Monnier (110), for

example, believes that the physical theory explains
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rapid contractions and the chemical theory the slow
contractions.

To illustrate his belief he us es the

contraction of smooth muscle as an example of chemical transmis s ion and the twitch of a voluntary muscle as an example of electrical stimula tion.

These

are extremes and all gradations exist between them.
Henderson and Roepke (68) noted that when the
parasympathetic pelvic nerve of a cat was stimulated,
the effect produced upon the urinary bladder occurred
in t wo phases, a contractile and a tonus phase.

When

acetylcholine was injected it r eproduced only the tonus phase unless a sufficient quant ity had been injected so that the autonomic ganglion cells we re stimulated.

It was also noted that only the tonus phase was

susceptible to atropine paralysis.

Bacq and Monnier

(7) have reported subs equently an effect similar in
many vrays , but produced by the synthetic dioxane derivative numbered 933F, on the response of the nictitating membrane to sympathetic stimul a tion.

Stimula-

tion of the cervical sympathetic chain caused a. qui ck
contraction first wh ich was followed by a. slow phase.
The slow phase alone was reproduced by injecting adrenalin and only this phase was weakened or suppressed by
93 3F, leaving the quick, first r esponse relatively
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unaffected.
These four workers regarded the first quick phase
in these experiments as due to the direct transmission
of the nerve impulse to the muscle fiber (physical
theory} while the second :phase was regarded as due to
chemical transmission.

Thus we have seen what these

workers consider to be an illustration of the dual mechanism for the transmission of nerve impulses to muscle
fibers.
Dale (38), however, interprets the above results
in another way.

He believes that the nerve impulses

release a high concentration of acetylcholine in immediate relation to those muscle cells on which the nerve
fibers end directly; this high, sudden concentration
causes the quick response in those fibers directly innervated.

From these fibers the acetylcholine diffuses

from the site of its liberation to other cells not directly innervated and producing in them a secondary,
slower reaction.
Bronk (24) states that he "would argue for a pluralistic theory of nerve impulse transmission".

He be-

lieves that the liberation of acetylcholine in synapses
alters the properties of the gangl ion cells and thus
modifies the various concentrations of the different
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ions so that an impulse may be set up d irec t ly , or
due to the chemical changes .
Lapic que (87 ), a supporter of the physic al theory
of n euromuscula r transmiss ion, has proposed a new and
original hypothesis, entirely without experimental
proof, regarding the role of acetylcholine in the transmission of the excitation from nerve to striated muscle.
Lapicque believes that the transmission across the neuromus cular junction is electrical, but since the curre nt
wh ich crosses the ne ur omuscular junction is very small
in proportion to the amount of tis sue to be stimulated,
only a loca.l excitation results.

Thus, he proposes that

the nerve i mpulse liberates acetylcholine from the nucleated sole, wh ich Lapicque believes belongs to the
muscle itself, a.s an auxiliary reaction which furnishES
the supplement of required power to stimulate the whole
muscle fiber.

Therefore, according to this theory, the

chemical transmission does not occur between nerve and
muscle, but in the muscle its elf to insure propagation
of the impulse throughout the muscle fiber.
During the investigation of the chemistry occurring
at synaptic junctions during the transmission of nerveus
i mpulses, it was discovered that when potassium chloride
was injected into the fluid perfusing the superior cer-
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vical sympathetic gangl ion so that its concentration
reached four times normal, acetylcholine was detected
in the venous outflow, and the nictitating membrane was
seen to contract.

As the concentra tion of potassium

chlorid e was increased, the amount of liberated acetylcholine increased (22).

Continued injection of potas-

sium chloride leads to a decreased output of acetylcholine until finally none is libe r ated and contraction
of the nictitating membrane then does not occur.

If,

however, the cervical sympathetic chain has been divided and allowed to degenerate for five weeks, injections
of large doses of potassium chloride into the perfused
fluid liberates no acetylcholine, but it stimulates the
muscle cells directly and thus causes contraction of 'the
nictitating membrane (22).

The ques tion then arose,

does potassium carry the impulse across the synapse?
Later, Brown and Feldberg (21, 23) demonstrated that
potassium does not carry the impulse across the neuromus cular or synaptic junctions.

Rather, it has been

suggested that the wave of potas sium ions accompanying
the nerve i mpulse liberates the acetylcholine at the endplate and/or conditions the receptor cells to it (23,
25, 52, 55).

However, in the final analysis the true

role of potassium in transmitting an i mpulse from nerve
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to muscle is not knovm.
The effect of calcium ions on the synaptic and
neuromuscular junctions is just the opposite from that
or potassium.

Increasing the calcium in the perfused

fluid blocks transmission ( 22 , 25, 86).

Decreasing

the calcium to one-third or one-fifth of normal in the
perfusing fluid of a nerve-muscle preparation increases
the excitability of the effector cells, especially the
end-plate region (86).

However, a continued reduction

below this point leads to a neuromuscular block which
is believed to be due to either a decreased output of
the "transmitter" or a diminished electric excitability
of the end-plate reg ion (86).

Perhaps the calcium is

necessary to allow potassium to libe rate a cetylcholine
as has been suggested by Harvey and MacIntosh (67).
However, he re again the true role of calcium a t the
neuromuscular junction is not known.

Speculations are

all that can be offered at the present time .
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X-RAY STUDIES .AND BIOCHEMICAL CHANGES
OF CONTRACTING STRIATED MUSCLE
Until 1926, physiologists had considered the breakdown of glucose to lactic acid as the source of energy
for muscular contra ction (69), although it had been known
for some time that phosphorous compounds must play some
part in chemistry of muscle contraction .

Since muscle

was believed to function like a heat-engine and no one
could explain the function or manner of combination of
the phosphorous compounds, these compounds were ignored
and considered intermediaries in the breakdown of glucose.

They were ignored in energy exchange calculations

and concentration was put on the glucose and lactic acid.
In 1926 the Eggletons (46) published their paper describing "phosphagen" which was a labile form of organic phosphate in muscle.

The publication of this paper caused

a revolution in muscle physiology which had never before
been equaled.

The outlook upon the relationship between

the chemistry and the energy exchanges in muscle was radically changed.
Hints of the coming change can be seen in the literature as far back as 1929.

At this time, Hill and

Hartree (70) had discovered that when oxygen was kept
from stimulated muscle, three minutes after contraction
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there occurred a delayed heat production.

Since none

of the workers could explain the purpose of this delayed anaerobic heat, attempts were made to do away
with it in their experiments.

This failed, however, so

attemp ts were made, though unsuccessfully, to explain
it away.
In 1922, Embden (48) discovered that phosphate from
a fatigued muscle diffused much more rapidly into Ringer's solution than from a resting muscle.
the significance was not suspected.

Here again

Embden believed

that it was due to a change in the permeability of the
surface of the muscle rather than to the appearance of
a different inorganic phosphate inside.

Later, in 1924,

Embden and his associates (47, 49) claimed from their
experiments that a good deal of the lactic acid produced
as the result of tetanic stimulation could and did appear after contraction was over .

This claim, not ac-

cepted at the time, was later proven to be correct.
Tiegs (127), in 1925, found that fatigued muscle
liberated much more creatine than a rested muscle.

He

also claimed that a mus cle produced alkali as well as
acid during activity, and the alkalihity he ascribed to
the creatine which he believed neutralized lactic acid.
His idea of an alkaline creatine was remarkably near
the truth
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In 1928, the Eggletons (45), in additional experiments, showed that the breakdown of phosphagen always resulted in the release of free creatine in an
amount roughly proportional to the amount of phosphagen that disappeared.

They also showed that muscles

whi ch were q_uick acting had more phosphagen than the
slow muscles .

The role in both is the same, however ,

since in the slower acting muscles there is more time
for resynthesis of the phosphagen and there doesn't
need to be such a large initial amount .

Shortly after

the Eggletons had published their paper in 1927, Fiske
and Subbarow (60) independently reported the same discov ery , but in addition they showed that "phosphagen"
was a compound of creatine and phosphoric ac id, phosphocreatine .

It was also noted that in the presence of

oxygen the phosphoric acid and cre atine were resynthesized completely to phosphagen , whereas in a muscle deprived of oxygen , the resynthesis wa s not complete.
The breakdown of phosphagen, however , liberates a
good deal of heat so its resynthesis must lead to a considerable a bsorption of heat.

Therefore, the restora-

tion of phosphocreatine must be accompanied by a rather
strong exothermic reaction.

The only reaction that had

so far been suggested was the one by Hill and Hartree (70)
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of delayed l a ctic a cid formation.

Denied ea rlier, this

possibility certainly became feasible now since the absence of sufficient delayed anaerobic heat could be expl a ined by the simultaneous occurrence of the endothermic restoration of phosphagen.
At this point Lundsgaard's first paper of a series
of papers (95, 96, 97, 98, 99, 100} was published in
19.30, in which it was shown that muscles poisoned with
iodoacetic acid may contract, apparently perfectly well,
for a time without any lactic acid formation at all, only with the breakdown of phosphagen.

Lundsgaard imme-

diately proposed the hypothesis that phosphagen is a
substance directly supplying the energy for contraction,
while lactic acid formation in the normal muscle provides
a constant source of energy for its resynthesis.

Within

a yea r Lundsgaard had shown that most, if not all, of
the lactic acid set free as a result of stimulation, appeared after the contraction is over, during the period
in which the phosphagen is restored.
Adenosinetriphosphate, a nucleotide found in muscle,
was discovered by Lohmann (66) in 1929.

The importance

of this phosphate has been gradually worked out since
then.

The disappearance of phosphocreatine and the ap-

pearance of phosphoric acid and creatine during muscular
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contraction was considered to be an enzymatic hydrolysis of phosphocreatine which liberated energy for
muscle contraction until it was claimed by Lohmann (94)
that the breakdown of phosphocreatine was a composite
process requiring the presence of adenylic acid and
adenosinetriphosphate thus:

2 creatinephosphate

+

adenylic acid

2 creatine

+

>

adenosinetriphosphate

He also claimed that the free energy of phosphocreatim
breakdown we s not used for muscle contraction, but to
resynthesize adenosinetriphosphate.

Similarly, it has

been shown tha t the energy-rich phosphorylated intermediaries in carbohydrate breakdown, phosphopyruvic
acid and diphosphoglyceric acid, are also used in the
muscle to rebuild a.denosinetriphosphate (112).
Adenosinetriphosphate is now considered to be the
immediate source of energy for muscle contraction (82)
since it is the first reaction demonstrable upon stimulation and the only one going on liberating available
energy for the contraction.

The correct ness of the view

that the inorganic phosphate formed on contraction has
its origin in adenosinetriphosphate, is borne out by
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the fact that muscle brei shows high phosphatase activity with adenosinetriphosphate as substrate, two
phosphate groups being split off, but that other phosphatases are very feeble or absent.
In 1935, Lohmann (93) showed that in the formation of adenylic acid from adenosinetriphosphate, adenosinediphosphate occurs as an intermediate product:

adenosinetriphosphate~ adenosinediphosphate + H3P04

~

adenylic acid+ H P04
3

However, evidence has accumulated which indicates that
in muscle itself, the true reaction is a.s follows:

creatine phosphate+ adenosinediphosphate
creatine

+

)

adenosinetriphosphate

adenosinetriphosphate~adenosinediphosphate

+ H3P04

That is, dephosphorylation of adenosinetriphosphate
does not proceed past the loss of obe phosphate group

(88).
The important work of Engelhardt and Liubimova
(50) and of Liubimova and Engelhardt (90) showed that
the adenosinetriphosphata.se activity of muscle is
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associated with myosin, the protein of which the contra ctile fibrils of muscle are composed.

After puri-

fication of the myosin by repeated reprecipitation, the
protein was still just as active in splitting off one
phosphate group from adenosinetriphosphate, but had
lost the power shown by the brei or once precipitated
myosin of converting adenosinediphospha.te into adenylic
acid (8).

These findings have also been confirmed by

Needham ( 112).
Fig. 6 is Needham's (112) diagrammatic summarization of the chemical events occurring during muscle
contraction under anaerobic copditions.

The breakdown

of adenosinetriphosphate is presented as the essential
reaction supplyihg free energy to the contracting fibrils.

Partial resynthesis of adenosinetriphosphate

by the reaction between adenosinediphosphate and phosphocreatine is shown while the rest is resynthesized by
means of the phosphorylated carbohydrate derivatives.
Thus, we see that the glucose to lactic acid breakdown
is necessary to resynthesize adenosinetriphosphate as
well as phosphocreatine.
Through the action of the enzyme phosphorylase,
glycogen is broken down to glucose which becomes esterfied with inorganic phosphates to form hexosemonophos-
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1/Jy HMP
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J..----(l----'

- - - - l/3y ATP +- 1/Jy BMP~l/3y HDP + 1/Jy ADP '
.J,
2/3y
+ 2/3y H3P04

I

T

...

- - - ~ 2/3y P + 2/3y TDP

J,

.

+

2/Jy Lactate ~ 2/3y DPG

i

2/Jy MPG

i

+

2/3y PP
- - - - - ~- - - 2/Jy P

~

2/Jy ADP~

2/Jy ADP

2/3y ATP_. 2/3y ATP
2/3y ADP~2/3y ADP

-r 2/Jy ATP --+2/3y ATP

Fig. 6 (after Needham)

Abbreviations for Fig. 6:
ATP

adenosinetriphosphate

HDP

hexosediphosphate

ADP

adenosinediphosphate

TP

triosephosphate

GP

creatine phosphate

TDP

triosediphosphate

C

creatine

DPG

diphosphoglycerate

HMP

hexosemonophosphate

MPG

monophosphoglycerate

p

pyruvate

pp

phosphopyruvate
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I

phate (HMP).

The phosphate is derived f'rom adenosine-

triphosphate (ATP), a coenzyme in this reaction, which
is reduced to adenosinediphosphate (ADP) (10}.

The HMP

is first glucose-1-phosphate, but intramolecular rearrangement transforms this to glucose-6-phosphate which
is in equilibrium with fructose-6-phosphate.

According

to Needham. (112), the fructose-6-phosphate reacts with
ATP to become phosphorylated again producing fructosediphosphate.

Best and Taylor (10) state that the phos-

phorylation results from further splitting of the ADP
formed above which produces adenylic acid and fructosediphosphate from the ADP.

Needham believes that this

last breakdown of ADP to adeµylic acid is not the usual
reaction.

She believes that this reaction takes place

ohly when the energy requirement is greater than the
energy r eleased by the single dephosphorylation of ATP.
In other ·words, it is a reserve of energy.

Regardless

of where the phosphate comes from, one molecule of fructosediphosphate now splits to form two molecules of triosephos pha te.

Internal molecular rearrangements again

occur, as is shown in Fig. 6, until finally phosphopyruvic acid reacts with ADP to form ATP.

The pyruvic

acid is then reduced to lactic acid by the action of
cozymas e.

In a muscle supplied with oxygen there is no
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doubt but that the same events occur, but here they
are followed and accompanied by oxidative recovery in
·which about one-fifth of the lactic acid is oxidized
to furnish the energy necessary to resynthesize the
remaining four-fifths of lactic acid to glucose (10).
The energy exchanges may be summarized as follows as
modified after Best and Taylor (10):

a)

ATP--,

phosphoric acid
+~ energy for contract ion

ADP
creatine

+
~energy for rephosphoric acid
synthesis of ATP

b)

Phosphocreatin~

c)

Glucose to lactic acid~energy for resynthesis of
phosphocreatine and ATP

d)

Oxidation of about one- ~energy for resynthesis
fifth of the lactic acid
of remainder of lactic
acid to glucose

Sacks (120, 121) does not agree with the above
views regarding muscular contraction.

He believes that

normally the primary source of energy for contraction
is derived directly from the oxidation of glycogen to
lactic acid.

That is, there is no intermediate phos-

phorylation.

Whenever the aerobic mechanism fails,

however, the anaerobic mechanism, the formatioh of hexosemonophosphate from glycogen and phosphocreatine, is
used as a suppleme~tary source of energy.
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He also be-

lieves that the primary function of phosphocreatine
hydrolysis is that suggested by Fiske and Subbarow (60),
to supply base to neutralize the lactic acid formed
when there is not enough oxygen present.
Ritchie (116) has postulated the theory that the
breakdown of phos~hocreatine is the process by which
po tential energy is restored to muscle after a contraction, rather than the causal mechanism producing contraction.

He believes that the contraction fol"iowing

stimulation is due to the liberation of electrical or
mechanical potential energy stored in the muscle fiber.
Ritchie favors the physical theory of transmission on
this basis.

That is, the stimulation is merely a trig-

ger releasing a cocked spring and occurs too rapidly to
be chemical in nature.
The question of electrolytes in muscular contraction is a continuation of the electrolytic problem associated with the transmission of the nerve impulse from
the nerve terminals to the muscle.

In the transmission

of the nerve impulse, it appears that potassium sensitizes the effector cells to the acetylcholine.

In muscle,

it appears that stimulating a nerve causes a nrelease"
of calcium which is a specific activator of adenosinetriphosphatase (8), and which can then by the almost in-
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stantaneous catalysis of ATP breakdown make available
a large amount of energy for the muscle contraction.
That calcium is necessary for muscular contraction was
shown by Mines (109) in 1913, who discovered that the
excitatory process could proceed in the absence of calcium, al though the muscle v-•as unable to contract.

Alro ,

from the early work on whole muscle there has been deduced a commonly accepted picture of electrical changes
in a muscle fiber associated with activity (136).

Ac-

cording to this theory there is a polarized membrane
around each fiber with an excess of positive ions on
the outside of the membrane and an equal excess of negative ions on the inside.

During activity, as Kuffler

(85} and Feng (53) have shown, the end-plate potential,
set up by the stimulation of a nerve, is responsible
for the initiation of the propagated muscle impulses
which precede muscle contraction.

The membrane becomes

depolarized near the point of stimulation and then the
area of depolarization spreads in both directions along
the fiber at the rate of a few meters per second.

With-

in a few sigma, the membrane becomes repolarized again.
Thus, it appears that the stimulation is conducted the
length of the fiber.

It is possible that this depolar-

ization releases the calcium which then initiates the

-77-

chemical r eactions of coritraction.
The relationship of potassium and muscular contraction is another problem which faces the physiologists.

It is known tha t potassium. is essential for

health and that no other cation can entirely replace
it within the cells without interfering to some extent
with the cell function.

Beyond this there are only a

few definite functions or properties that have been
proved to belong to potassium.

In 1936 Fenn and Cobb

(56) found that by stimulating a muscle through the
nerve, potassium was liberated in exchange for sodium.
McIntyre and King (106) have also shown that contracting muscle which is stimulated directly, also liberates
potassium.

Therefore, an increase in extracellular po-

tassiUG:1 is associated with muscular activity and is
probably due largely to the muscular contraction, not
ne~romuscular transmission.
Evidently there is a temporary change in the permeability of the muscle membrane (sarcolemma), because
normally sodium does not enter a cell.

Perhaps, as

sugges ted by Fenn (56), only the outer surface of the
sarcolemma gives up the potassium so that deeper, and
within the fiber its elf, the electrolytic picture remains unchanged.
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The most acceptable theory to date of the electrolytic equilibrium. across the cells of muscles has been
based on the assumption that the cel ls are permeable to
potassium and the monovalent anions, but are impermeable
to sodium and all other anions (34).

However, this the-

ory does not account for the exchange of potas s ium for
sodium in the muscle fiber, and, according to Dean (42),
is therefore inadequate.

He suggests a "pump theory",

the mechanis m of which is unknown, that maintains the
proper concentration of potassium within the muscle fiber by continually excreting sodium.

With this mechan-

ism it would be possible to have a cell membrane permeable to sodium as well as potassium.

However, this idea

is definitely a theory and needs considerable experimental verification before it can be accepted.
There is some evidence wh ich indicates that the
potassium is taken up by the liver (54), and it is certain that during recovery the reverse changes occur, because it has been shown that the muscle regains the lost
potassium.

Thus, the potas s ium cycle is comparable to

the carbohydrate cycle, and Fenn (54) believes that the
potassium combines with the lactic a cid to form a salt,
potassium lacta te, and is thus transported to the l iver.
Here the lactate is converted back to glucose and the
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potassium returns to the muscle.

This hypothesis also

needs more experimental verification.
Early investigations of muscle structure by x-ray
diffraction brought out the fact that muscle contains
longitudinally oriented molecular chains separated laterally by side chains.

There is no doubt now that the

main component of the x-ray photograph of muscle arises
from molecular chains of myosin, oriented practically
parallel to the direction of the fibers (6).

In 1934,

Astbury (2, 5) noted that in resting muscle the configuration of the protein chains was similar to that found
in alpha- keratin , and that in contraction the chains are
thrown into superfolds similar to the condition of supercontraction in hair .

In contrast to the behavior of ar-

tificial myosin threads in which the alpha type is changed completely to the beta type by stretch, in muscle only the grids are straightened and their parallel arrange-

ment is made more perfect; the muscle myosin molecules
are not appreciably unfolded (57}.
In 1935 Astbury and Dickinson (4) began investigating the diffraction patterns of thin films df myosin •.
The normal molecular configuration of myosin was also
found to be a folded polypeptide chain system like that
of alpha keratin.

The chief difference between keratin

and myosin is the fact that the former contains the com-80-

pound, cystine which apparently stabilizes the elasticity of the hair (4).

Thus it is seen that keratin, musc-

le, and the artificial sheets of myosin all have similar
x-ray diffraction patterns.

The similarity of these

photos is so striking, that Astbury (3) was able to give
.a description of the space lattice of the muscle and its

changes during contraction.
brous protein structures:

He had four states of fi1) beta t ype as found in

stretched myosin threads or keratin, 2) collagen type
as in normal tendon, 3) alpha type as in unstretched
myosin threads or keratin, and 4) "supercontracted" proteins as in he a t contracted collagen fibers or steam
contracted keratin {Fig.?).

Each type of x-ray diffrac-

tion photo is caused by a well defined configuration of
the long polypeptide chains, which form the protein molecules:

1) fully extended, 2) half folded, 3) folded,

and 4) supercontracted.

These states were found for

myosin threads, but Astbury (6) has also found that the
folded state corresponds to the resting state of muscle
whereas the sup ercontracted state corresponds to contracting muscle (6).

The molecular folding is the cause

of the double refraction or birefringence in the A disc,
whereas in the I discs it is believed that the molecules
are straight and unfolded .

Fischer {58) has substanti-
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1.

J.

2.

Fig. 7 (after Astbury)

1.

Beta or fully ext ended type.

2.

Collagen or half fo l ded type.

J.

Alpha or folded type.

4.

Supercontracted type.

-82-

4.

ated many of these findings of Astbury.
Since the evidence seems conclusive that contraction is due to changes in configuration of myosin "molecules" and since Astbury (3, 4, 6) has demonstrated in
rough outline the molecular changes which occur when
oriented myosin chains undergo shortening in vitro, it
here remains to be sho,m that the pattern of contracted muscle is similar to that of supercontracted myosin
films.

Astbury in a private communication to Schmitt

(123) states that this had been closely approached for
slow muscles, and that the pattern is essentially similar to that of supercontracted myosin films .

From this

it would appear that muscle contraction is due to a
rapidly reversible superfolding of myosin chains.
The ultimate cause of muscular contraction, which
involves the mechanism of the intramolecular transformation of myosin, is one of the major questions of this
thesis.

At the present time, the only solutions I have

to offer are theories, because the question has not been
answered.

Fischer (57} compares the contraction of myo-

sin in muscle to the contraction of wool and similar fibers • .rn the former, it is assumed that the acid and
basic side chains of the long chain molecules are loosened by the interference which starts contractions.
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The freed side chains, charged pos itively when basic
and negatively when acid, will approach each other as
closely as possible and thus produce shortening.

It

is natural to assume a similar type of mechanism for
the myosin molecules.

Fischer stat es that some evidence

indicates that in resting muscle, at least some of the
side chains of the myosin molecules are still free,
but without opposite charges.

He believes that contrac-

tion may be started by supplying opposite charges to
these chains which he believes are arranged in spirals.
This mechanism would be similar to the one proposed by
Meyer (58, 198), but not accepted anymore, which assumes
that contraction is initiated by a sudden shift of the
pH of the surrounding medium towards the isoelectric
point of myosin.

All such schemes have in comm.on that

at rest either only the free amino or only the carboxyl
group are ionized (charged positively or negatively) md
that the charged gro ups a r e surrounded by a solvate layer.

At the start of contraction both groups are ionized,

but oppositely, forming "zwitterions" without solvate
layers which attract opposite charges.

Lillie (89), in

1912, had a very similar idea about muscular contraction.
According to Fischer (57), there is only one main
difficulty with the above theory, namely that when the
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solvate layer is dissolved, it should free bound water;
therefore the total volume of the cell would have to
increase instead of decreasing, as actually happens.
Fischer states that he has shown (59) that the volume
dilatation resulting from the destruction of the solvat e
layers is more than counterbalanced by the constriction
due to the increased intake of water into the lattice
spaces of the fibril during contraction.

Hovvever, more

experimental evidence for or against this hypothesis is
definitely in order.
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DISCUSSION
From the literature reviewed, it appears to be
the opinion of the majority of wrkers that the unit
of striated muscle is the myofibril, which is a continuous structure, pas s ing through many striations and
having in its elf all. of the periodic properties of striated muscle.

Each fibril consists alternately of two

portions or discs which differ chiefly in that the one,
the anisotropic or A disc, has a markedly stronger double refraction and stains darker than the isotropic or
I disc.

The anisotropism and isotropism are due to the

molecular configuration of the myosin molecules in the
fibrils, and the darkly staining substance is due to
the accumulation of inorganic salts and potassium.

It

is only the stainable material that moves during muscular contraction.

The isotropic and anisotropic portions

of the fibrils keep remarkably closely in step with each
other due to the membrane of Krause, or Z membrane, which
bisects the I portion of the fibrils, fastening them together and then becoming firmly attached laterally to
the sarcole.rnma.

Thus the fibrils are not only all kept

in step, but are also fixed at intervals to the muscle
cell membrane.

The portion of a fibril between two Z

membranes can be considered to be the unit of the fibril
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since a fibril is simply a succession of these blocks,
or sarcomeres as they are called.

The central one-

third of each sarcomere is composed of the A disc and
is flanked on either side by the I discs which in turn
are bounded terminally by the Z membrane.
During contraction, the stainable or A disc i s bisected and each half moves toward its closest Z membrane.

The purpose of this migration of potassium and

inorganic salts is not known, but may be related in some
manner with the rapidity of contraction found in striated muscle.
The description by Carey {29) in which he regards
the c~oss st r iations of striated muscle as simply a
standing system of pressure waves may be dispensed with
rather rapidly.

His observations have not been confirmed

by anyone else and they are not in agreement with recent
work on the structure of cross stri ated muscle as determined by x-ra y diffraction and other methods.
The description by Tiegs (128) in which he states
that the fibril is in the form of a spiral or a helicoid,
is not accepted in general by histologists.

However,

both Bernal (9) and Fischer (57) make the statement that
they believe that the long protein molecules or chains
are arranged in spirals.

Maximow and Bloom ( 105), in
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addition, have pointed out that it is believed that
microscopic fibrils pass over without sharp boundaries
into ultramicroscopic fibrils, just as the macroscopic
ones do to microscopic fibrils.

Therefore, it would ap-

pear that the final "fibril" is really one molecular
chain.

Thus, working from the smallest to larger struc-

tures, Tiegs' discri ption may be an actual, legitimate
finding.
The histology of the nerve endings and the fibers
from which they originate has been well worked out.

It

has been definitely shown, I believe, that there is no
motor innervation of skeletal muscle other than that
supplied by somatic nerves.

Sympathetic nerves in musc-

le are restricted entirely to the blood vessels.

The

somatic motor nerves terminate in t ypical hypolanmal
end-plates and not in epilemmal terminaisons en grappes.
The latter are undoubtedly proprioceptive in function.
The "accessory endings" are either somatic sensory fibers or collateral branches of somatic motor fibers.
Their exact functional status is not known.

The "peri-

terminal net" of Boeke in the muscle end-plate, a structure supposedly bringing about the direct continuity of
the protoplasm of the nerves and the substance of the
muscle fibers, is obscure.

Most workers deny its exist-
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ence and consider it an artefact.
The mechanism whereby a nervous impulse stimulates
a muscle causing contraction is not definitely known,
but the bulk of the evidence points to the conclusion
that the neuromuscular transmission is effected by the
release of acetylcholine from the nerve endings.

The

possibility of the coexistence of an electrical stimulation is still present, but the physical theory of
neuromuscular transmission can not by itself adequately
explain the phenomena of neuromuscular transmission.
As Loewi (91) points out, there is no case known where
the effect of parasympathetic stimulation is not due to
the release of acetylcholine, and, similarly, sympathetic stimulation causes the release of an adrenaline-like

,

substance.

/

Therefore, why should the neuromuscular trans-

mission be entirely electrical?
As pointed out, the role of potassium at the neuromuscular junction is not understood.

That it is not the

mediator of the impulse is quite certain, but it has been
postulated that perhaps it causes the release of the acetylcholine or it may sensitize the effector cells to
the acetylcholine.
Lapicque's {87) theory is not an acceptable explanation for the role of the acetylcholine.
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He states that

the acetylcholine is liberated from the motor end-plate
which, according to him, is a part of the muscle fiber.
If this is true then acetylcholine should be liberated
by direct muscular stimulation as well as by indirect
stimulation through the nerve.

This, howe~er, is not

the ca.se because only indirect stimulation causes the
release of acetylcholine.
The actual process of contraction appears to be
initiated by the activation of adenosinetriphosphatase
by the calcium ion (81).

Calcium, the specific acti-

vator of adenoseinetriphosphatase, is set free by the
nervous stimulation, but just how is not known.

The

electrical and chemical changes accompanying excitation
are connected with the diffusion of ions in the excited
region, producing an increase in diffusible calcium (8).
The activation of the adenosinetriphosphatase causes
instantaneous catalysis of ATP brea kdown to ADP and
phosphoric acid and makes available a large amount of
energy.

It is this energy which is believed to be used

for muscle contraction beca use t his reaction is most
closely associated in time with the act of contraction
and it is also t he only one supplying sufficient energy
for this process.

The free phosphoric acid causes the

phosphorylation of glucose to fructose diphosphate.
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The next step in the chemistry of contraction is the
breakdown of phosphocreatine which produces creatine
and phosphoric acid.

The energy and phosphoric acid

derived from this reaction are used to resynthesize
ATP.

The fructose diphosphate gives rise to the tri-

osephosphates and the carbohydrate cycle follows in
which ATP is resynthesized from ADP.

The total energy

derived from the conversion of glucose to lactic acid
is used to resynthesize phosphocreatine and ATP, not
for muscular contraction.

The phosphoric acid for this

cycle is gotten from the breakdown of ATP to ADP.
The energy set free by the breakdown of ATP is believed, by most workers, to cause the myosin molecules
(chains) to fold or contract.

The mechanism, however,

by which the energy is transferred from the chemical reactions to the contractile surfaces is not known.

It

has been postulated that the energy is supplied during
the period of relaxation, enabling a potential energy
of the fibril to be restored in such a way that contraction results

by

virtue of a trigger mechanism associat-

ed with the nerve impulse.

At the present time, however,

we have too little evidence upon which to base any exact
formulation of a mechanism for muscular contraction.
Nevertheless, x-ray diffraction has shown us quite

-91-

definitely, that the end result of these chemical reactions is a folding of the myosin molecules which compose the fibrils, the contractile element of muscle.
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CONCLUSIONS
1.

The histological unit of striated muscle is the
sarcomere, bounded terminally by Z membranes .
middle one-third, the

A

The

band, stains darker due to

the collection of potassium and inorganic salts and
not because of the anisotropism which is due to the
molecular structure of the fibrils.
A

Flanking the

band on each side is an I disc which does not

stain and is isotropic.

During contraction the dark-

ly staining material moves from the A band to the Z
membranes.

Its significance is not known.

The iso-

tropism and anisotropism is not altered.
2.

Striated muscles are innervated by somatic motor
nerves ending in typical motor end-plates.

Sympa-

thetic nerves in muscles are distributed only to
the blood vessels.

J.

The bulk of the literature reviewed indicates that
the transmission of a nervous impulse from nerve to
striated muscle is brought about by the liberation
of acetylcholine.

However, the probability that

t h is is t he complete explanation is very slight.
1

The role of potassium is not known and certainly
has some part in the excitation of muscle .

Also

the possibility of an electrical process of stimu-

-93-

lation has not been entirely r~led out.

4.

The chemistry of muscular contraction has been discussed and it is quite evident that some of the intermediate mec hanisms by which contraction results
are not known.

The immediate source of energy for ,.

contraction is the breakdown of ATP to ADP.

This

is brought about by adenosinetriphosphatase (myosin)
which is activated by calcium ions wb ich are released during muscular stimulation.
tine is used to resynthesize .ATP.

PhosphocreaLactic acid for-

mation is t h e source of energy for the resynthesis
of phosphocreatine and some ATP.

5.

The results of x-ray diffraction have been given.
It has been shown that the myosin molecules fold
upon themselves during stimulation and thus produce
molecular shortening which is t he cause of muscular
contraction.

The mechanism or mechanisms by which

the energy of the chemical reactions is transferred
to the fibrils is not known.
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